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One of the important factors controlling the distribution of radiation dose to the different
portions of the human respiratory tract is the deposition pattern of radon progeny con-
taining aerosol. Based on the activity size distribution parameters of radon progeny, which
were measured in Minia University, the deposition behavior of radon progeny (attached
and unattached) has been studied by using a stochastic deposition model. The attached
fraction was collected using a low pressure Berner cascade impactor technique. A screen
diffusion battery was used for collecting the unattached fraction. Most of the attached
activities for 222Rn progeny were associated with aerosol particles of the accumulation
mode. The bronchial deposition fraction of particles in the size range of attached radon
progeny was found to be lower than those of unattached progeny. The effect of radon
progeny deposition by adult male has been also studied for various levels of physical
exertion. An increase in the breathing rate was found to decrease the fraction with which
inhaled progeny were deposited in the bronchi. As the ventilation rate increases from 0.54
to 1.5 m3 h1, the average deposition fraction of airway generation 1 through 8 are expected
to decrease by 22% for 1.4 nm particles and by 38% for 150 nm particles.
Copyright © 2014, The Egyptian Society of Radiation Sciences and Applications. Production
and hosting by Elsevier B.V. All rights reserved.1. Introduction
Deposition theoretical modeling of radon containing aerosol
in human lung represents a useful tool to interpret health
effects from inhaled particular and to study the effectiveness
of different inhalation procedure. Deposition is the processt, Faculty of Science, Min
Yuness).
ptian Society of Radiation
sevier
iety of Radiation Sciencesthat determines what fraction of the inspired particles is
caught in the respiratory tract and, thus, fails to exit with
expired air. It is likely that all particles that touch a wet sur-
face are deposited, thus, the site of contact is the site of initial
deposition. Distinct physical mechanisms operate on inspired
particles move them toward respiratory tract surfaces. Majoria University, Minia, Egypt.
Sciences and Applications
and Applications. Production and hosting by Elsevier B.V. All rights
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Brownian diffusion, interception, and electrostatic forces.
A major factor governing the effectiveness of the deposi-
tion mechanisms is the parameters of the activity size distri-
bution (active median thermodynamic diameter, AMTD,
active median aerodynamic diameter, AMAD, standard devi-
ation, sg) of unattached and attached radon progeny in the
atmospheric air. Radon decay products have a particular size
as molecular species but then attach to particles with a wide
range of sizes. Since size helps to determine particles within
the size range that can penetrate the oropharynx. The physics
of air flow in human airways and the resulting deposition
pattern of inhaled aerosol particles throughout the respiratory
tract are determined by the size of the inhaled particles and by
the breathing pattern for a given airway generation
(Hofamann & Daschil, 1986). These airways form the trachea
to the alveolar sacs form a structure similar to the crown of
tree. Physical and mathematical of these models are usually
based on airway geometrywhich approximated by a sequence
of straight cylindrical tubes (Horsfield, Dart, Olson, Filley, &
Cumming, 1971; ICRP, 1994; Koblinker & Hofmann, 1990;
Weible 1963; Yeh and Schum, 1980; Zock, Porstendorfer, &
Reineking, 1996). These models always require some infor-
mation about the parameters of activity size distribution.
Therefore, it is necessary to measure the activity size distri-
bution of radon progeny to compute the deposition fraction of
radon progeny through the human lung.
The activity size distribution of radon progeny has been
determined by tagging the natural aerosol particleswith radon
or thoron progeny. However, some measurements of radon
progeny, for attached and unattached fraction, have been
performed in the atmospheric air (Bochicchio et al. 1996; Doi&
Kobayashi, 1994; Guo, Shimo, Ikebe, & Minato, 1992; Hadad,
Doulatdar, & Mehdizadeh, 2007; Jacobi & Andre, 1963; KimFig. 1 e The screen diffusion battery, filter holder and surface b
unattached fractions of radon progeny.et al. 2005; Malczewski & Zaba, 2007; Porstendorfer,
Reineking, Butterweck, & El-Hussein, 1990; Shimo, Guo,
Ikebe, & Minato, 1990). Most of the observed data of these lit-
eratures shown that the size distribution consisted of ultrafine
clusters with median diameters below 4 nm (unattached ac-
tivity) and progenies associatedwith ambient aerosol particles
in sizes ranging between 100 and 400 nm (attached activity).
The unattached fraction is deposited nearly completely in the
respiratory tract during inhalation, whereas 80 percent of the
attached are exhaled without deposition. The amount of un-
attached activities up to about 10 percent of the total activity,
but is considered to yield about 50 percent of the total radiation
dose (Butterweck-Dempewolf, Shuler, & Vezzu, 1997).
Based on obtained measurements, deposition fraction of
radon progeny has been evaluated by using a stochastic
deposition model (Koblinker & Hofmann, 1990). It has been
also discussed the effect of radon progeny deposition fraction
by adult male for various levels of physical exertion.2. Methods and experimental techniques
2.1. Experimental approach
The separation of the unattached and attached 218Po was
performed with a wire screen diffusion battery similar to that
employed and calibrated by Cheng et al, (Cheng, Su, Newten,
& Yeh, 1992). The diffusion sampler contained up to five
screens with a back-up filter and operated at flow rate of
0.36m3 h1.Withmonodisperse silver aerosols the 50% cut-off
diameters of the screenswere determined to be 0.9, 1.3, 1.9, 4.0
and 7.9 nm (Cheng et al. 1992). The sampler could detect
0.5 mBq m3 within 2 h counting time with 25% statisticalarrier detector arrangement for the measurements of the
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measure unattached and attached 218Po.
For the determination of activity size distribution of
attached 214Bi, the low pressure Berner cascade impactor
(Model, 20/0.015) was used as a sampling device. The impactor
consisted of eight size fractionating stages and a back-up filter
holder and it operated at a flow rate of 1.7 m3 h1. Aluminum
foils were used as collection media and a glass fiber filter as a
backup filter (Lurzer, 1980) (Fig. 2). With monodisperse liquid
radioactive labeled aerosol particles in the diameter size range
70e6000 nm, the 50% cut-off diameters of the impactor stages
were determined to be 82, 157, 270, 650, 1100, 2350, 4250 and
5960 nm (Reineking, 1984). More description about this pro-
cedure was given by Mohamed (Mohammed, 1999; Mohamed,
2006).2.2. Deposition calculation
Deposition of inhaled aerosols in any given region of the
human respiratory tract depends upon particle size, shape,
density and subject breathing pattern. Deposition calculations
here were based on the following set of aerosol characteristics
pattern. Each component or mode of the radon progeny
aerosol was assumed to be represented by a log normal dis-
tribution of activity with particle size, in which the geometric
standard deviation (sg) is related to the activity median
diameter (AMAD) by (NRC, 1991).
sg ¼ 1þ 1:5
n
1 100 AMAD1:5 þ 11
o
(1)
In the present investigation, the AMAD of the size distri-
butions were 20, 150, 250 and 380 nm for attached radon
progeny, while for unattached fraction was 1.4 nm. The
standard deviation was calculated for each correspondingFig. 2 e Air sampling, using Berner impactor, vacuAMAD from Equation (1). In the present work, deposition
fractions represent aerosol mass fraction deposited within
specified regions during a complete breathing cycle (consists
of equal inspired and expired times, 2 s for each with no
pause) normalized to the mass entering the trachea.
A total lung volume 3000 cm3, a tidal volume (Vt) 1000 cm
3
and a spherical particles having a density equal 1 g cm3 were
considered. Airway geometry was selected randomly and
deposition was calculated deterministically by using the
deposition formulas which were described by Koblinker and
Hofmann (Koblinker&Hofmann, 1990). Ventilation rates were
taken as 0.54 and 1.5 m3 h1 for rest and light exercise,
respectively. These values have been substituted in the sto-
chastic deposition model to calculate the amounts of radon
progeny deposited in each airway generation, as function of
aerosol size and breathing rate, for each subject.3. Results and discussion
Mean activity median thermodynamic diameter (AMTD),
relative geometric standard deviation (sg) and activity con-
centration (C) of unattached log-normal size distribution of
218Po, and mean activity median aerodynamic diameter
(AMAD), relative geometric standard deviation (sg) and spe-
cific air activity concentration (C/) of attached log-normal size
distribution of 214Bimeasured in the air of El-Minia City, Egypt,
were measured by diffusion battery (DB) and impactor (IM),
and listed in Table 1.
The attached AMAD of the accumulation mode for 214Bi
varied between 230 and 490 nm with a mean value of 380 nm
and with relative geometric standard deviation sg of 2.9. The
specific air activity concentrations of attached 214Bi were
found to vary between 0.5 and 6 Bq m3 with a mean value ofum pump and setup of gamma spectroscopy.
Table 1 e The parameters of unattached of 218Po and attached 214Bi size distribution.
DB IM
Unattached parameters of 218Po Attached parameters of 214Bi
AMTD (nm) sg C (Bq m
3) AMAD (nm) sg C
/(Bq m3)
1.4 (0.7e2.5) 1.45 (1.2e2.0) 0.4 ± 0.08 (0.1e0.9) 380 (230e490) 2.9 (2.1e3.5) 3 ± 0.12 (0.5e6)
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0.7 to 2.5 nm with a mean value of 1.4 nm and a mean sg of
1.45. Themean activity concentration of unattached 214Po was
found to be 0.4 ± 0.08 Bq m3.
Fig. 3 represents the variation in deposition fraction with
particle size that is predicted for each airway generation of the
adult male lung over the size range of concern for deposition
of radon progeny. Fig. 1 relates the number of particles
deposited in each airway generation to the number that enter
the trachea on inhalation. It can be seen that the deposition
fraction of particles with diameter of 1.4 nm is calculated to be
uniformly high throughout the bronchi (generation 1e8). By
the time the inspired air reaches the bronchioles (generation
9e15), the number of airborne 1.4 nm particles available for
depositionwas low. Therefore, deposition is found to decrease
rapidly in succeeding generations of the bronchiolar airways.
If the particle size is increased to 20 nm, the deposition
fraction is found to be about an order of magnitude lower in
the bronchi and reach a broad beak in the human respiratory
airways. Particles of this size are typical of the radon progeny
growth mode produced by human activities such as cooking
or vacuum cleaning (NRC, 1991). It is assumed that the size
distributions of both unattached and growth modes of radon
progeny are not affected by the humid environment of the
respiratory tract (NRC, 1991). The radon progeny aerosol pro-
duced by cooking/vacuuming has three size modes (5% of
potential alpha energy is unattached, 15% has an AMAD of
20 nm and 80% has an AMAD of 150 nm). The 20 nm mode is
hydrophobic and does not increase in the size within the
respiratory tract (NRC, 1991).
The bronchial deposition fraction of particles in the size
range of attached radon progeny were found to be about two
orders of magnitude lower than those of unattached progeny.Fig. 3 e Deposition fraction calculated with varying particle
diameters.This clears the disproportionately large contributions to the
dose from exposure to small fraction of radon progeny in the
unattached state. The attached or so-called accumulation
mode of the radon progeny aerosol has a median size in
ambient air that ranges from about 150 to 400 nm diameter
(Butterweck-Dempewolf et al. 1997). However, the carrier
aerosol particles are considered to be partly hygroscope and
grow in the respiratory tract to about double their ambient
size. This figure also compares the profiles of deposition
throughout the lung that were calculated for particles that
attain equilibrium sizes of 250 and 380 nm within the respi-
ratory tract. It is seen that deposition is expected to be rela-
tively independent of particle size over this limited range (at
least in resting subjects).
Another significant factor that must be accounted for in
calculating the deposition profile of radon progeny within the
respiratory tract is the typical variability or dispersion in size
of the aerosol particles. Unattached radon progeny have a
relatively narrow distribution of particle size, whereas the
activity-size distribution of progeny attached to ambient
aerosol particles is typically broad.
Fig. 4 illustrates how the deposition profiles of unattached
and attached progeny are expected to be influenced by sub-
ject's breathing rate. An increase in the breathing rate (from
rest to light work) is found to decrease the deposition fraction
with which inhaled progenywere deposited in the bronchi. As
the ventilation rate increased from 0.54 to 1.5 m3 h1, the
average deposition fraction of airway generations 1 through 8
were expected to decrease by 22% for 1.4 nm particles and by
about 38% for 150 nm particles.Fig. 4 e Effect of exercise on fraction of particles deposited
in each airway generation at two levels of physical activity
for an adulate male (resting, 0.54 m h¡3 and light work,
1.5 m h¡3).
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ThemeanAMTD of the unattached fraction of 218Powas found
to be 1.4 nm with a mean sg of 1.45. The mean AMAD of the
attached fraction of 214Bi was found to be 380 nmwith a mean
sg of 2.9. The obtained parameters of the activity size distri-
bution (AMTD, AMAD, sg) are necessary to calculate the
deposition through the human lung. For best estimation of
doses, an accurate data of these parameters are necessary.
Simultaneous measurements of 218Po and 214Bi in different
environments (outdoor, indoor, mines) are necessary in order
to model time-dependent behaviors, deposition, attachment
and to determine particle size distribution.r e f e r e n c e s
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